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We have used small-angle X-ray scattering (SAXS) and oscillatory shear rheometry to study the salt-induced
flocculation of a concentrated colloidal silica dispersion in water. The SAXS results provided qualitative
confirmation of a primary contact coordination shell and barrier as predicted by the DLVO model. The results
are consistent with an irreversible, but volume-conserving, growth of a network of interparticle contacts. The
activation energy for network growth turns out to be substantially greater than the barrier in the pair potential
predicted by the DLVO model, and this difference is ascribed to the importance of multiparticle interactions.
The storage modulus of the gel (reflecting the long-range structure) continued to evolve long after changes
in the local structure could no longer be distinguished, but ultimately it also converged to a quasi-stationary
state. Disruption of the gel network by shear had no detectable effect on the local structure, but caused a
dramatic reduction in the moduli which subsequently recovered following different kinetics than in the initial
growth process.

1. Introduction explaining many of the above phenomena. Evidence from light
and X-ray scattering indicates that the structures of both dilute
and dense colloids may be fractal in nafufeand that the fractal
dimension may depend on the shear history of the safnple.
There is little information available, however, on the local

Concentrated suspensions of charge-stabilized colloids may
be flocculated by changes in pH or ionic strength into a gel
with thixotropic rheology useful for paints, ceramic slips,
cosmetics, and foods. While studies of flocculation under highly . o .

) " . structure of the gel or the physical origin of the stationary state.
dilute conditions have revealed some remarkable universal

features, those results provide little insight into the complex ~ Earlier studies of flocculated colloidal gels have focused
behavior which arises at high concentrations, especially beyondPrimarily on systems under apparently stationary conditions to
the gel points. determine the effects of compositional parameters such as

At high concentrations aggregation and rheological responseParticle size, volume fraction, pH, and the concentration of
are both nonuniform functions of time spanning several electrolytes or steric stabilizers on yield stress and linear

decadeg, the rheology is further complicated by nonlinearity Viscoelastic propertiel.>1912In order to interpret the structure
at relatively small strains, and all of these properties are a_nd_ rhe(_)Iog|caI properties during g_elatlon, it is essential to first
nonlinear functions of particle concentratichg.Flocculated ~ distinguish whether those properties represent true stationary
gel networks can be partially disrupted by sie&and may or states or simply dlfferent transient stages in a slowly evolving
may not recover their original properties under quiescent Process. For any given example, it will likewise by important
conditions. Some gels undergo syneresis, in which aggregationt© _|dent|fy the physical constraints Whl_ch limit th_e rate and/qr
forces ultimately cause them to shrink and further concentrate Ultimate extent of aggregation. Resolving these issues requires
by exuding excess solvent. However, syneresis is not universal.independent kinetic and structural characterization, and the
Equally common are examples of stationary states where theconclusions will necessarily be limited by the sensitivity of the
aggregation process slows and apparently ceases withoufneasurements.
shrinkage, regardless of the initial concentration. We report here a detail study of salt-induced flocculation of
The structure of colloid clusters grown under dilute conditions colloidal silica dispersions in water. At various stages during
apparently depends only on whether the coupling reaction is initial growth or recovery of the flocculated gel network, small-
diffusion-limited or activated.However, details of the inter- angle X-ray scattering (SAXS) measurements were used to
particle forces undoubtedly play a more prominent role in characterize the local structure and derive the pair distribution
concentrated colloidal gels than they do for concentrated colloids function, and linear viscoelastic properties were determined by
in general. Understanding the structure may be central to small-strain oscillatory shear rheometry. The changes in local
structure during flocculation were found to be consistent with
*To whom correspondence should be addressed. an activated transition of neighboring pairs from a shallow
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secondary minimum into primary contact. While such minima
are a feature of the DLVO pair potentiélthe potential of mean

force which actually governs our experimental kinetics may
differ considerably due to effects of multiparticle correlations.
It is therefore not surprising that the activation energy for
network growth is found to be substantially larger than the

Heiney et al.

vial containing a predetermined aliquot of 1.0 M Mg@ind
mixed vigorously by means of a vibratory mixer or a magnetic
stirrer. The sample was then transferred to the rheometer or
X-ray sample holder, generally within 1 min.

Preliminary characterization of particle size was obtained from
light scattering measurements (Ar ion laser, Brookhaven Instru-

barrier pI'EdiCtEd by DLVO for COUp"ng of an isolated pair. ments BI-200SM goniometer)_ The radius of gyratiml:

The results include several noteworthy features not previously 330 4+ 40 A, was determined from Guinier analysis of angle-
reported. At high salt concentrations, both measurementsdependent scattering data on a dispersion sample diluted to
revealed a progressive autoretardation of the flocculation process.05% in DIW. Photon correlation spectra (PCS) were deter-
and convergence toward a quasi-stationary state. (In the contexinined at an angle of 90(Brookhaven instruments BI-2030
of rheological measurements, we consider a quasi-stationaryDigital Autocorrelator). Autocorrelation functions for dispersions
state to be one in which the elastic modulus changes less thanwith 0.05 wt % silica in 0.001 M KCI indicated nearly
1% per hour.) Evolution in the local structure was dominated monodisperse particles wif, = 430+ 20 A. PCS measure-
by a decrease in diameter of the first coordination shell but, ments at electrolyte concentratioss).0001 M showed sys-
surprisingly, the total population at distances encompassing bothtematically longer correlation times indicative of long-range
contact and secondary neighbors did not change greatly. Therepulsive interactions between the particles. The raRigR()>

storage modulus of the gel continued to grow long after changes= .59 agrees within experimental error with the theoretical
in the local structure could not longer be distinguished, but value 0.60 for spheres of uniform refractive index.

utimately it also converged to a constant value. Disruption of  1hg by of the stock dispersion was 9. Potentiometric titration
the gel network by shear had no detectable effect on the localingicated of K, of 8.5 and equivalent weight of 9200. Assuming
structure but caused a dramatl_c reduqtlon in the modull which {hat this represents SiOH groups on the surface of spheres of
subsequently recovered following a different kinetics than the radiusR, and density 2.2 g/cinit corresponds to 21 ionizable
initial growth process. Possible mechanisms.are coqsidered t0gioH/NN?, which is 2-3 times larger than for typical amorphous
account for self-limiting network growth consistent with other g5 16 This discrepancy indicates that at high pH either charges
properties of the system, notably the absence of syneresis. 4, the colloid are not restricted to a single atomic layer, or
E)_(penr_nental _detalls and general characterization are SUM-perhaps that SiO—Si bonds on the surface may undergo partial
marized in section 2. The approach taken to the SAXS data hyqrolysis. Electrokinetic measurements were made using a Zeta
analysis is discussed in section 3. Predictions of the DLVO potential analyzer, (Zeta-Plus, Brookhaven Instrument Corp.,
model, and comparison of DLVO predictions to the model used qjtsyille, NY). The Zeta potential was28 mV in unbuffered
for the SAXS data, are reviewed in section 4. Section 5 describesgy 0o1 M KCI and increased t650.7 mV at pH 10.

the SAXS data and analysis of the pair distribution function. . . _ . . )
Rheological measurements are described in section 6. The, The stock dispersiondfy = 0.174) exhibits typical charac

) ; T . . _teristics of a charge-stabilized colloid with long-range repulsive
relationships and implications of these results are discussed in. g g-range rep

section 7. The relationships and implications of these results |n_teracFions. SAXS patterns were dominated by strong Brz_agg
are discuésed in section 7. The formalism used in the SAXS diffraction peaks which could be indexed to an fcc lattice W|_th
data analysis is presented .more fully in the Appendix oy = 0.211. Th|s_ result cIose_Iy resembles resqlts of Yoshida
) et al.}” who studied the coexistence of crystalline and amor-
phous domains in high-purity colloidal silica dispersions and
reported a similar difference between the net silica volume
All samples were prepared from a single stock of colloidal fraction and that in crystals. The stock dispersion is a non-
silica dispersion in deionized water (DIW) prepared according Newtonian fluid. It exhibited a power-law viscosity = 20 Pa
to a proprietary procedure and kindly supplied by Dr. Peter S ()%, corresponding to a Bingham fldiéwith yield stress of
Jernakoff, Dupon Specialty Chemicals. The silica content was 20 Pa. Both the crystalline diffraction and yield stress were
31.7% and density was 1.2091 g&rfrom which we compute ~ completely suppressed by dilute electrolyte. For example, KCI
a density of 2.20 g/cfand volume fractiordy = 0.174 for dispersions at the sand®, in 0.002 M KClI exhibited a constant
the particles. The level of inorganic impurities in this dispersion (Newtonian) viscosity of only 0.004 Pa s at strain rates from
is much lower than commercial colloidal silicas such as Ludox. 0.1 to 100 s, and the corresponding SAXS patterns showed
Analysis by inductively coupled plasma showed 2 ppm Ca, 0.48 only broad peaks characteristic of liquidlike order.
ppm Na, 0.39 ppm Mg, and no other metal ions at greater than Another measure of interparticle forces was obtained from
0.1 ppm. The carbon content was 0.15%, much less thanthe variation in osmotic pressure with colloid concentration.
colloidal silica prepared via the Ster process from tetraethyl Samples of stock dispersion (ca. 2.5 g) were placed in dialysis
orthosilicate. The conductivity 0f0.2 mmho/cm indicated that ~ cassettes (Slide-A-Lyzer, 3500 MWCO, Pierce Chemical Co.,
background electrolyte concentration was no more than 0.001Rockford, IL) and allowed to equilibrate at ambient temperature
M. with solutions containing from 1 to 10% by weight of poly-
Stable dispersions of higher concentration were prepared by(ethylene glycol) ¥, 10 000), whose osmotic pressures had
dialysis of the stock dispersion against solutions of poly(ethylene been previously determiné8.The colloid concentration was
glycol), molecular weight 10 000 (Aldrich Chemical Co.) in calculated from the net mass following an equilibration period
DIW. For example, dialysis against a 4% solution of poly- of at least 20 h. The data shown in Figure 1 reveal strong
(ethylene glycol), with osmotic pressure 45.3 KPprovided a interparticle repulsions in the salt-free ordered phase at volume
highly viscous, but stable dispersion containing 52.8 wt % silica. fractions well below the close-packed limit. The osmotic
Stock solutions of 0.10 M KCl and 1.0 M Mgg&in DIW were compressibility was found to be reversible (i.e., independent of
prepared from analytical reagents and diluted as needed. Inthe concentration history) up to osmotic pressure of about 100
studies of the flocculation process, the required quantity of salt- kPa, beyond which the sample failed to swell to its original
free silica dispersion (from 1 to 5 mL) was added rapidly to a volume when reequilibrated at lower osmotic pressures.

2. Experimental Section



Flocculation of Concentrated Colloidal Silica Dispersions J. Phys. Chem. B, Vol. 104, No. 37, 2008809

160 order of 1 photon per pixel. It was important to explicitly take
140 1 o this into account when analyzing the data, since it introduceo_l a
source of noise that was independent of the detector integration
120 time. The detector was placed at the end of an evacuated 8 in.
= pipe fitted with Kapton windows on both ends. The sample to
¢ "7 © detector distance was adjustable from a few centimeters to 8.5
& g m. For the measurements reported here, the detector was placed
"é o] at a distance of 8.496 m away from the sample and the ID was
& %7 tuned to an energy of 8.048 KeV, corresponding to a wavelength
- o A = 1.541 A. At this distance the detector covered scattering
o angles 2 corresponding to the range in the scattering vector
20 o magnitude 8x 1074 < q (=(47/A) sinf) < 3 x 102 AL,
. With this configuration it was possible to collect an entire
015 020 025 030 045 040 045 050 spectrum in less than 1 min (essential for observing the time
evolution early in the process of flocculation), and with
i . . i ;
v sufficiently high resolution that it was not necessary to desmear
Figure 1. Equilibrium osmotic pressure of silica dispersions in the data.
deionized water. After data collection, a circular numerical average was

performed on each data set to provide a set of intensities versus
momentum transfer magnitud@. The numerical values of these
intensities were proportional to the number of photons scattered
at that angle. The magnitude of the Poisson error was established
by comparing short segments of 10 data points to a best-fit cubic
spline curve. Each entire data set, including estimated Poisson
errors, was then least-squares fit to an empirical model for the
intensity as discussed in section 3.

Rheological experiments were performed using a Rheometrics
RFSI!I fluids spectrometer equipped with parallel plate or couette
fixtures and a force rebalance torque transducer. Oscillatory
shear measurements were used to deterr@nehe storage
modulus, and3", the loss modulus, as a function of frequency,
and as a function of time at fixed frequency. Experiments were
conducted by applying a sinusoidal strain and measuring the
phase angle of the induced sinusoidal stress response. This stress
response was then decomposed into signals that are in-phase
Figure 2. Scanning electron micrograph of dried stock dispersion and out-of-phase with the strain inp@; is proportional to the
sample, with no salt. The image shows an area of three by four microns.in_phase (elastic) portion ar@’ is proportional to the out-of-

phase (viscous) portiof.All experiments were performed in

A sample of the stock dispersion was allowed to dry, and the linear viscoelastic region, where the moduli are independent
the resulting solid fragments were examined by scanning elec-of the applied strain amplitude. Linear viscoelasticity was
tron microscopy. Another manifestation of a narrow distribution ensured by evaluating the strain dependence of the moduli at
of particle sizes is that the majority of particles are organized individual frequencies and then operating at small strains where
in dense-packed crystalline domains, as seen in Figure 2. the moduli were strain independent. Temperature was controlled

SAXS measurements were performed at the DND-CAT using a circulating water bath. Evaporation of water from the
Synchrotron Research Center, Advanced Photon Source, Ar-sample was prevented using a small-volume, close-fitting
gonne National Laboratory. The samples were contained in clamshell cover lined with absorbent material, which was
1-mm-thick cells with Kapton windows. The cells were mounted saturated with water.
on an Instron frame, which providet-Y translation for sample
alignment. The energy to the X-ray beam from an insertion 3. Analysis of SAXS Results
device (ID) was tunable_ from 7'to 18 ke\/_. The ID, d_ouble A detailed discussion of the SAXS data analysis is provided
crystal monochromator, first, second, and third set of adjustable . . . .
slits, and the sample were located at 0, 30, 35, 54, 66, and al the Appendix. Here we summarize the important _feat_ures of

’ . ot e our model. In general, the scattered X-ray intensity is given by
m, respectively, along the X-ray beam path from the synchrotron
orbit. The size of the square beam was defined at the first and

—\ — —=\12

second sets of slits, which were both set to 8@ A parasitic (@) = 1,S(@)IF ()| @

scattering slit, having the shape of a round pinhole only large N ——

enough to circumscribe the square beam, was plaegtrim Q) = Izeq "= z Zeq (Fi=7) (2
I I ]

before the sample. A circular lead beamstop 2 mm in diameter

was placed immediately before the detector. The two-dimen- o

sional CCD (Mar) detector had 20482048 pixels with a 16- F(@) = [d’r €77(T) (3)
bit intensity scale and a circular active area of 133 mm diameter.

In all cases the detector was used in & 4t binning mode at wherer; is the position of theth particle and(r) describes the
a resolution of 512« 512, with effective pixel size 258m/ charge distribution around a reference $it&Ve used a form
pixel. We note that, in addition to the normal counting statistics, F(G) appropriate to weakly polydisperse spheres with raRjs
the CCD detector introduces additional readout noise, on the and dispersiom, 2°
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1 0o 2 410, Rw is the radius of the depletion well, with depth determined

IF(Q))? = —=fdr e " ——R(@qn* (4) by the volume fraction®y and edge sharpness, and two

Gb\/% 3 Gaussian peaks representing coordination shells with Radii

R, widthso1, g2, and coordination numbecs, ¢,. The resulting
,sin(@r) — (gr) cos@r) 5 o(r) qualitatively resembles those calculated fron analytical
- (qr)3 ®) theories for equilibrium structures, such as DLVO thé&oyr
the hypernetted chain equati&hlt should be emphasized,
however, that, despite the physical rationalization of introducing
parameters such @, in the final analysis the form of(r)
was purely empirical, and the fitted parameters are less
_ 3 ide meaningful than the positions of maxima, minima, etc., in the
@) = 1 + m'Dfd r €4 h(r)) (6) optimizedg(r).
The formula used is given by

R(qr)

The structure facto§(q) is given by the Fourier transform of
the two-particle density correlation functiggr) = 1 + h(r):

wheremOis the average particle density.

In analyzing SAXS data, several common approaches are ./ 2 2
commonly taken to factoring ouE(g)|? from @) in eq 1: (@ (Bb()” +C"+

1. In some cases, one is primarily interested in determing 10 ‘4:1(Rb + x/aobxf
the structure of individual particléd:2% In the limit of infinite A— ) w poR(OR, +
dilution, S(q) — 1, and interparticle correlations can be ignored. J; i= ‘ 3
More realistically, one can measure a series of samples of ) ®
increasing dilution and try to establish the limit §fg) — 1. \/Eobxi) 1— _VWiR(QRN + \/anxi) +

As we shall see, however, even at 1% dilution the interparticle
correlations can have a noticeable effect on the scattered
intensity. One can also concentrate on higheatata, on the C n sinq(R, + x07)
principle that long-distance correlations will be manifested E— Z (R, +x0) ———wW, +
prima_lrily_at low q, or one can attempt to factor out tis&) \/J_T(Rf + 012) =

contribution by calculating the structure expected for hard
spheres or other simple modéfs.

2. In some cases, the colloid has crystallized, and sharp peaks ) N
appear ingg). In this case, it may be sufficient to establish the &(Rz +0y)
crystal space group and lattice spacing by measuring the
positions of the peaks, without attempting a quantitative analysis s derived in the Appendix. Hetgis the momentum transfer,
of the intensity?528 B andC are arbitrary background prefactolgg) is an empirical

3. To quantitatively determin§(g), the simplest approach is ~ Polynomial describing the background scatteriy,is an
to make measurements at high dilution and then divide the arbitrary intensity prefacto, is the ball radiusgy describes
higher concentration scattering patterns by the dilute pa&téfn,  the polydispersity of ball radiRy is the radius of the depletion
The risk here is that structure factor effects may be important Well spheregy, is the width of the *wall” of the depletion sphere,
even at high dilution. Additionally, considerable noise is ®v IS the volume fraction of colloidal spheres, ¢i, andos

introduced when dividing the data point-by-point near the are the radius, coordination number, and width of the first
minima in F(q). coordination shellR;, c,, ando, are the radius, coordination

number, and the width of the second coordination shell,xand
and w; are the positions and widths used in the Hermite
integration algorithm. In the final round of fits, as many
parameters as possible were constrained to be equal to their
average values. For example, we required that the ball radius
be the same for all measured concentrations.

JT

c, n sinq(R, + x05)
(R, + %07) ?Wi (7)

4. For relatively small particles, the minima |R(q)|? are
pushed out to relatively largg In this case, one can attempt
to establish the form ofF(q)|2 (usually using an empirical line
shape) at largey, then dividel(q) by |F(q)|? to obtain Sq)
directly26:31.32This procedure will be most accurate at very small
values ofg where|F(qg)|? does not vary rapidly.

5. In some cases, however, one finds that the interesting lengthy R aview of DLVO Predictions and Comparison with the
scale of interparticle correlations is comparable to the size of Empirical SAXS Model
the particles. In this case, one cannot obtain a clean separation

of @) and |F(q)|2. Additionally, dividing 1(q) by |F(g)[2 to To test our fitting algorithm, we created “simulated” data
obtaing(g) can suffer from the difficulty that the first maximum  using the DLVO pair potential. The DLVO potentia(r) is
in S(q) is “accidentally” at a minimum iNF(q)|2. In this case,  considered to be the sum of screened electrostatic and dispersion

an alternate approach is to compare the entire diffraction patterncontributionsue andug. Following Russel et aP$ we employ

to a structural model incorporating free variables in both the the linear superposition approximation for the former and the

particle size and(r), either by using a Monte Carlo approd¢h ~ Hamaker approximation for the latter:

or via least-squares fits of the measured intensity toethtée

I(g) function, including free variables in botR(q)|2 andg(q).3* 4ﬂ660R2

The latter is the approach we took in our analysis. Ue =
For|F(g)|> we used the smeared Rayleigh function presented

in egs 4 and 5. For the structure factor, we chose an empirical _ AR

function for g(r) which contained the appropriate physical Ug = T s

constraints, then calculat&fq) using a combination of analyti-

cal and numerical Fourier transformg(r) was parametrized  whereeep = 7.08 x 10719 C%N n¥ is the permittivity of water,

such that there was a depletion “well” forOr < R,, where R = 440 A is the particle radiuss is the distance between

e=sToR Ve (8)

(9)
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Figure 3. DLVO pair potentials calculated (eq 10) fgrs, = 26 mV,

r (Angstroms)

R, = 440 A, and the indicated salt concentrations. b 107
T Ll T T LI [ T 1
particle surfaces (in Ayys is the surface potential, angA 1)
= 2.32 x 10 cm ! (3 z2/M;)Y2 is the inverse Debye length. 10° - S, o COMMCL ]
At = 0.83 x 1020 J is the effective Hamaker coefficient for 1o 0002M KGI
silica in water. Recasting this as a function of the distance B ’
between particle centers= 2R + s, at T = 298 K we obtain > 10' L
723
u_ —1 R2 el/)s)2 —i(r—2R) 0.21R é 1000 |-
T 0.141 A (r)(kT e —or  (10) E
Figure 3 shows examples of DLVO pair potentials calculated 100
for various salt concentrations employed in our experiments. ok
In the limit of dilute particles, the equilibrium pair distribution
g(r) may be approximated by exp((r)/kT). This approximation 1
provides a convenient means to test the reliability of our SAXS 0.001 0.01
analysis, and is valid for comparison with experimental data at Q (Inverse Angstroms)
high dilution, but is clearly inappropriate for data at the higher
concentrations of interest in this study. d L B B B L L L I B IR B
Figure 4a shows examples of dilugér) for 0.002 M KCI 4 -

and 0.05 M MgC} simulated according to the dilute DLVO
approximation. (They extend g,ax = 2500 A whereg(r) ~

1.0.) A small adjustment was madeh) in order to eliminate 3 0.05M MgCl —
truncation artifacts in the Fourier transforms, giving ‘

= «
h'(r) — efu(r)/kT _ efu(rmax)/kT (11) 5 o _
Scattering functions were then calculating assuming particles
with mean radius 440 A and a dispersion 13 A: 1
. 0.002M KCI
r, sinr) “~
aq): z h'(r) —Ar (12) 0 T 31—
T q 0 500 1000 1500 2000

r (Angstroms)

I(q) = AIF(q)|°(1 + 47D(g)) + Bb(q) + C (13
@ IF@I @) ba) (13) Figure 4. (a) Simulatedy(r) models corresponding to DLVO theory

The simulated(q) (Figure 4b, symbols) were calculated over for a 5% SiQ sample in the presence of 0.05 M Mg@irr 0.002 M
the interval 0.002 Al < q < 0.035 A% and compared with KCI. (b) Simulated SAXS data (circles) and model (curve) for 5%,SiO

least-squares fits generated following the algorithm described S2MPI€ in the presence of 0.05 M Mg@r 0.002 M KCI. For clarity,
only every tenth data point is shown, and curves are offset along the

in S_eCt'on 3 (Flgure 4b, _SOI'd lines). T_he _beSt'f't Value@@) intensity axis by a factor of 10. The simulated data were constructed
derived from this analysis are shown in Figure 4c. In reciprocal py calculatedg(r) from the DLVO potential, adding an empirical
space, the simulated data and empirical model are indistinguish-background and calculating the Fourier transform (eq 13). These
able (Figure 4b). The fitted ball radius and dispersion were simulated data were then fit with the same model used for the “real”
almost identical with the inputs to the simulation. The back- data. (c) The real spacg(r) models corresponding to the fitted
ground parameters were of the same order of magnitude, butParameters from the simulated data shown in (b).

were slightly different. The biggest discrepancy was in the  This exercise confirms that the algorithm is capable of fitting
values of®y, which differed by up to a factor of 3 (e.g., 0.05 realistic scattering data to well within experimental error, and
in the simulation vs 0.014 in the fit). This indicates that the also illustrates an intrinsic limitation in the data. We note that
model compensates for other discrepancieq i) by adjusting the g(r) derived from the fits (Figure 4c) recover the broad
the volume fraction. features of the original input (Figure 4a), but they fail to resolve
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Figure 6. (a) SAXS data (circles) and model for a 31.7 wt % IO
sample in the presence of 0.020 M MgQDnly every tenth data point

is shown. This sample was resheared immediately before making the
measurement. Solid curve shows a model with theS{d) (including

a contact Gaussian peak and depletion well); dashed curve shows the
single-particle form factor plus background only. (b) The real space
g(r) corresponding to the model incorporating both the depletion zone
and the nearest-neighbor contact peak, used in analyzing the data shown
in (a).

r (Angstroms)

Figure 5. (a) SAXS data (circles) and model (curve) for a 1% SiO
sample in the presence of 0.002 M KCI. Only every tenth data point is
shown. The model function had a particle-shape faffé6g)|? times

an empirical structure factd®q), as described in the text. The fits
employing models with and without the depletion well are indistin-
guishable by eye, but statistically distinguishable. (b) The real space
g(r) corresponding to the model incorporating a depletion zone, used
in analyzing the 1% data shown in (a).

the sharp peak at= 2R, in the latter corresponding to particles 13 R as expected. The volume fraction of silica spheres,
trapped in the primary minimum of the DLVO potential. This g, “\vas within error bars of that calculated from the known
loss of resolution is primarily a consequence of the limited range density and mass fraction. Th2 goodness-of-fit parameter for

of g retained in the transform, a limit which was chosen to 5 model that did not incorporate the depletion well was

conform to our experimental data. Thus, the minimum peak gjgnificantly larger than that for a model that did incorporate
width in Figure 4c is comparable to the minimum wavelength 1o \well 42 = 11.0 vs 7.5), although the fits are virtually
of the transform, ca. 180 A. It is apparent that in order to indistinguishable by eye. ’

distinguish any fine structure i(r), scattering data would need Figure 6 shows SAXS data from a sample with 31.7 wt %

to extend tog ~ 0.35 A”L. We also note that systematic errors SiO; in the presence of 0.020 M Mg&£IThis sample had been

in ®y obtained from least-squares fits to real data may be . . :

substantial. vigorously resheared immediately befor.e the measurement was

made3” Two models were used to fit the data: the full

expression in eq 7 with a depletion region and one Gaussian

5. SAXS Results peak, and the smeared spherical particle form factor alone. It
Figure 5 shows the SAXS pattern and correspondinpfor can be seen that the full expression provides a good representa-

a 1% SiQ sample in the presence of 0.002 M KCI. The model tion of the data, and in fact is almost indistinguishable from

used to fit the data for this highly dilute sample incorporated a the data, while the form factor model alone deviates significantly

depletion well but no coordination shell. The fitted parameters from the data at lovq.

wereR, =434+ 1A 0, =124+ 50A, &, =7.8x 103 For the fit shown in Figure 6, the ball radius and dispersion

+ 4 x 104 Ry, = 1177+ 80 A, ando,, = 30+ 500 A (i.e., were held fixed aR, = 434 A ando, = 10 A (the average

anyoy < 530 A gave a good fit). The ball radius is consistent values from many samples) and the volume density was held

with that obtained from quasi-elastic light scattering (QELS). fixed at®y = 0.28 (if allowed to vary the error bar was).02).

The small value ofvy, indicates that this sample was highly  The exclusion volume radius and width convergeRtc= 1080

monodisperse. The depletion zone radiyss slightly greater + 100 A ando,, = 120+ 100 A. The coordination number,
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Figure 7. (a) SAXS intensity and model for a 31.7 wt % Si€ample
in the presence of 0.050 M Mgg£lat indicated times after mixing. For
clarity, only every tenth data point is shown, and scans are offset along

the intensity axis. (b) The real space models used in analyzing the data

shown in (a).

radius, and width of the Gaussian peak converged te 3.7
+ 1.0,R; = 894+ 25 A, ando; = 75+ 30 A. Note thatR; is
almost exactly equal to the value expected for two balls of radius

434 A'in close contact. The good agreement between the mode
and the data gives us some confidence that the basic feature

of the model are correct. On the other hand, there is an
inconsistency between the fitt&el, of 0.28 (obtained from the
fitted depth of the well) and the value of 0.17 calculated from
the known density and weight fraction of the sample. As
discussed above, it is likely that our empirical model is
compensating for features of the truggr) that were not
incorporated in the model by adjusting the well depth. This
provides a cautionary indication that, although the nearest-
neighbor coordination peak almost certainly exists, and is of
the same order of magnitude as the value we calculate, the “true’
value may differ by~30%.

J. Phys. Chem. B, Vol. 104, No. 37, 2008813

This trend is summarized in Figure 8, which shows the
parameters arising from the least-squares fits. (For these fits
the ball radius was fixed aR, = 434 A, the ball radius
dispersion was fixed abp, = 13 A, the volume density was
fixed at®y = 0.283 , the radius of the second Gaussian peak
was fixed atr, = 1125 A, and the width of the second Gaussian
peak was fixed at, = 450 A.) The nearest-neighbor coordina-
tion (Figure 8a) can be represented in two ways. The parameter
ci (solid circles), representing the integrated intensity under the
first Gaussian peak in the model, increases slightly after about
100 min, but the increase is comparable to the error bars. A
somewhat better measure of the first-shell coordination is
provided by a numerical integral of the total (empiricgl):

I, = form‘" Ar’mg(r) dr (14)

wherer iy is the position of the first minimum ig(r). As shown

by the triangles in Figure 8&; actuallydecreasesfter 30-60

min. This decrease is accompanied by a decrease in the mean
radius of the first coordination shell (Figure 8b) and the width
of the first shell (Figure 8c).

These changes all correspond to the development of a much
better-ordered structure on the 1500 A length scale. At short
times, a disordered local structure leads to a poorly defined
coordination shell. As the order increases, particles either “fall
into” the first shell or are pushed out to larger distances, resulting
in a sharper coordination shell with a slightly smaller total
number of particles. We will associate the-6I20 min time
period over which this takes place with the “induction” period
observed in our rheology measurements, as discussed in section
6.

Similar effects were seen in a more concentrated sample.
Figure 9 shows the SAXS intensity, fit, ag¢r) obtained from
a 53.7 wt % SiQ sample in the presence of 0.020 M MgCl
The SAXS pattern changes subtly but noticeably at kpw
corresponding to a sharpening gfr) with increasing time.
These data were well described by the same form factor used
in analyzing the 31.7% data: a depletion well, a narrow peak
of width 80-100 A, and a broad peak of wididy ~ 760 A
centered around, ~ 1400 A. The volume density obtained
Ifrom the fits was®y = 0.496, to be compared with the value

f 0.345 obtained from the sample preparation parameters.
igure 10 shows the positions of the first maximumgin),
first minimum ing(r), and coordination numbér as a function
of time after mixing with salt. The shell sharpens and moves to
somewhat smaller radius, with a modest decrease in coordination
number, over the first 20 min. At longer times no significant
changes were observed.

By contrast, SAXS patterns of “resheared” samples, in which
the solution was prepared several days in advance of the
experiment and then sheafédmmediately before the SAXS

‘measurement, all had a qualitative resemblance to the long-

time pattern in Figure 7 and the resheared pattern shown in
Figure 6. No change was ever observed in the SAXS patterns

By contrast, substantial evolution was seen in samples whichof resheared samples, on time scales from 2 min to 24 h.

were freshly prepared immediately before the SAXS measure-

Evidently, the local structure (on a length scale 0f~01500

ment. Figure 7 shows the beginning, intermediate, and end pointsA) is unaffected by the shear due to injection through a
of measurements on a freshly prepared 31.7 wt % sample inhypodermic needle. Presumably, reshearing the sample breaks

the presence of 0.050 M Mgg&€lIThese fits were marginally

apart clusters but does not greatly affect the short-range order,

improved by the addition of a second, very broad Gaussian peak.so there is no induction stage in the rheology (see section 6)
The most dramatic change in the raw data (Figure 7a) is the and the SAXS pattern is time-independent.

change in slope at low, and its most dramatic manifestation

An unexpected outcome of our analysis was the observation

in real space is seen in the change in peak height and sharpnesthat the SAXS intensity at quite low angles was still described

of the nearest-neighbor contact peak (Figure 7b).

by a model incorporating correlations up to only 1500 A. It is
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Figure 8. Fitted parameters from time-series data for a 31.7 wt % SeDnple in the presence of 0.050 M MgQdh all cases, error bars were
obtained by systematically varying parameters and estimating the region over which acceptable fits were obtained. (a) First shell coordination
number. Solid circles and error bars show the fitting param@tesorresponding to the integrated intensity under the first Gaussian peak, while
open triangles show the numerically integrated coordinatideq 14). (b) Center position of first coordination shell. Solid circles and error bars
show the fitting parameteR,, corresponding to the center of the first Gaussian peak, while open triangles show the position of the first maximum

in g(r). This may differ fromR; due to overlap with the edge of the “depletion well.” (c) Widthof the first Gaussian peak, with error bars. (d)
Position of the first maximum ig(r) (solid circles) and first minimum ig(r) (open circles).

common to asseft 0 that there are three important regimes in 6. Dynamic Rheology Results
a SAXS pattern. In the Guinier regime, whgn< 1/ (where ) .
g is the correlation length of the clusters), the scattering should ~Small-amplitude oscillatory shear rheometry was used to

be only weakly dependent ap due to the density homogeneity §tudy the continyum properties of the .coIIoid at various stages
on sufficiently large length scales. The fractal regfifié38-41 in the flocculation process and during structural recovery

with 1/ < g < 1/R, arises from the self-similarity of colloidal ~ following steady shear of previously flocculated samples. A
clusters, as reflected in a power-law dependencg@fon g. range of silica and salt concentrations was investigated, includ-
In the Porod regime, witly > 1/R,, the scattering originates N9 conditions equivalent to the SAXS experiments. A more
from the surface of particles, i.e., is completely dominated by €Xtensive characterization was provided by rheological measure-
the size and shape of the individual particles. However, as Ments at higher concentrations, which resulted in higher moduli

previously observedt4!the intermediate regime whegg, ~ and rates of flocculation.
1 can also be important, and it is essential to separate the Figure 11 shows the moduli during flocculation for samples
different length scales. The low-angle regimes of Figure 7a and at 48.5 and 53.7 wt % silica, both containing 0.070 M MgCl
Figure 9a appear to have powerlaw behavior, but in fact are The rheological evolution of the 48.5 wt % samples shows three
well-described by a local model incorporating nearest-neighbor distinct regimes: an initial “induction” period, a fast-growth
correlations only. This does not mean that there are no fractalregime, and a final “quasi-stationary state” regime where the
correlations on longer length scales, but it does imply that one modulus growth slows substantially. The growth ratezfin
should use extreme care when interpreting low-angle power- the fast-growth regime is 18 dyn/(érs), slowing to less than
law behavior inl(q) as arising from fractal behavior. 1 dyn/(cnt-s) in the quasi-stationary state regime. As expected,
Our results are similar to those of Hanley etaB,in that the sample at higher particle concentration possesses a signifi-
we see a significant increase in the scattering at ¢pas a  cantly higher growth rate in the fast-growth regime (270 vs 18
function of time after gellation is initiated. Since their particles dyn/(cn?-s)), as well as a shorter induction period (which can
were much smaller than ours (70 A instead of 440 A), they be seen clearly in the inset on Figure 11).
were able to probe larger distancesompared to the ball radius At high silica concentrations the rheology measurements were
Ry, but were less sensitive to the near-neighbor correlations. limited by the compliance of the instrument. Figure 12 compares
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Figure 9. (a) SAXS data (circles) and model for a 53.7 wt % SiO  Figure 10. Numerically extracted parameters from time-series data
sample in the presence of 0.020 M MgCat indicated times after for a 53.7 wt % SiQ sample in the presence of 0.020 M MgQla)
mixing. For clarity, only every tenth data point is shown, and scans Position of the first maximum ig(r) (solid circles) and first minimum
are offset along the intensity axis. (b) The real space models used inin g(r) (open circles). (b) Numerically integrated coordination number

analyzing the data shown in (a). 11 (eq 14).

the early-time behavior of samples of 53.7 wt % silica at Terer

MgCl, concentrations of 0.05 M and 0.07 M. Again, the g [

expected behavior is observed, with the sample containing the g ses |- 537 wt%
higher salt concentration exhibiting a higher rate in the fast- ) : / 485 with
growth regime (270 vs 85 dyn/(és) and a shorter induction e [ //_A_,
phase. [ G D 0e+0 |

re-form, it is not obvious that the same kinetics and ultimate 0Oe+0 le+d

\ Time (seconds)
s G

If a gelled sample was sheared and the structure allowed to se+5 [ g S R R S

structure should be observed as for the case of de novo < [

flocculation. To investigate this issue, the 53.7 wt % silica/ 3 ®*°F  § N o .

0.070 M MgCh sample which was used to produce the data £ S Rl W
shown in Figure 13 was sheared and the gel formation was = 445 [ § / /
subsequently monitored in the same way as for the de novo © [ £ gG" 48.5 wtt Silica, 0.07M MgCF*
case. The sample was sheared sequentially for 60 s at 0105 s © [ g \

and then for 60 s at 0.I"§immediately prior to the initiation 2e5 - r WG
of the oscillatory shear experiment. This sequential shearing [ oo
was necessary to prevent damage to the rheometer transducer  ge+o R ey L

that could result from instantaneous application of a high steady
shear rate to a gelled sample with high modulus. Approximately
100 min elapsed between the start of the de novo flocculation

and the start of oscillatory shear experiment after steady shearFigUfg %jl- Stforage mOdl:'gg (tf(;f;\n?lei)siisrld |E’>/Ss(f_ﬂ1czjdulusb(clir)cles()j
i H H e fi recorded at a frequency o rad/s tor .5 wt % (filled symbols) an
(including the time to shear the sample). This figure shows that 53.7 Wt % (open symbols) SiGsamples in the presence of 0.07 M

the growth of the ngtqurk_ after shear is S_ubstantially faster than MgCl,, as a function of time after mixing the particles with MgCl
the growth due to initiation of flocculation (270 dyn/(érs) solution. Inset: scale expansion of the early time region.

after initiation of flocculation vs 560 dyn/(chs) after shear).

In addition, the resheared sample does not show the induction The growth of G at late stages is nearly identical with that
period characteristic of the de novo flocculation. from the sample during de-novo flocculation. For instance, if

Oe+0 1et4d 2e+4 3e+td 4det+4 5Se+d Betd Tetd

Time (seconds)
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Figure 12. Storage modulus recorded at a frequency of 10 rad/s for Figure 14. Storage modulus recorded at a frequency of 1 rad/s for

53.7 wt % SiQ samples in the presence of 0.07 M Mg@hd 0.05 M 31.7 wt % SiQ samples in the presence of 0.05 M Mg@$ a function

MgCl; as a function of time after mixing the particles with MgCl  of time after mixing the particles with Mggkolution. Particles were

solution. mixed at 25°C and then transferred to the rheometer for experiments
at 25 and 35C.

[ 53.7 wi% Silica, 0.07M MgCI?
8e+b |-

mixed sample to the rheometer which was equilibrated at the
desired temperature. The induction period for the sample at 25
°C is approximately 100 min, which, as mentioned earlier, is
similar to the time frame within which the SAXS measurements
indicate that the evolution of local structure is completed. This
observation suggests that the length of the induction period as
determined using the rheological data is related to the time
needed for the short-range structure to evolve.

The modulus growth rate at 3% is greater than that at 25
°C (0.35 dyn/(crés) at 25°C vs 1.4 dyn/(crrs) at 35°C)
ro-shear because the increased Brownian motion at elevated temperature
after shifting leads to an increased rate of aggregation. Both sets of data in

Be+5 |
[ re-shear

4e+5
5 de novo

Storage Modulus (dynes/cm?)

2e+5

Ot el o v Figure 14 exhibit the change in slope at long times, which is
Oe+0 le+3 2e+3 3e+3 4e+3 Se+3 indicative of the slowing down that occurred just prior to the
Time (seconds) onset of the quasi-stationary state regime noted in Figure 11
Figure 13. Storage modulus recorded at a frequency of 10 rad/s for for the 48.5 wt % sample.
53.7 wt % SiQ samples in the presence of 0.07 M Mg&$ a function The variation in kinetics governing modulus growth (initially

of time after mixing the particles with Mggholution (curve labeled slow, fast at intermediate growth stages, slow again in the latter
de novo), and as a function of time after shearing the resultant gelled stage of growth) raises the possibility that different mechanisms

sample as described in the text (curve labeled reshear). The data point :

(small circles) are the result of shifting the reshear data by 1240 s along?‘an. operate .at garly a.nd Iatg ?tagﬁs of rt_]he processf. Cer'.[almly
the time axis to allow overlap with the long-time regime of the de € Increase in dynamic moduli reflect the extent of particle
novo data. aggregation and/or connectivity of the flocculated network.

While we lack a reliable model to relate the rheology to specific
the last 300 s of the reshear data are approximated by a straighfeatures of the structure or to the growth mechanism, the
line fit, the slope is approximately 120 dyn/(&s). Although activation energy for that mechanism may nevertheless be
the data for the de novo flocculation were collected for longer estimated from the temperature dependence. It may be signifi-
times, we can use for comparison the portion of the reshearcant that the initial induction period (prior to acceleration of
data encompassing the 300 s period starting at the point wherethe modulus growth) conforms approximately to the period of
the modulus is approximately 7.4 10° dyn/cn¥, similar to time required to establish a stable local structure according to
the starting point modulus for the fit applied to the de novo the SAXS measurements. Regardless of the details, we assume
data; this slope is also found to be approximately 120 dyrf{cm that samples of identical composition flocculated at different
s). Another way to evaluate the similarity at long times of these temperatures evolve through the same series of intermediate
data sets is to shift the reshear data along the time axis by anstructures with the same dynamic moduli. Accordingly, the
amount that produces coincidence of the long-time regime of activation energy at each isostructural stage of the process may
both data sets (the shifted data are also shown in Figure 13).be calculated from the relative rates, for exampgB/dt at each
This similarity at long times indicates that after the structure is value ofG'. Results of this analysis are shown in Figure 15. It
rebuilt to the point that existed before shearing, the structural is apparent that at all stages of the proc&sgrows about 4
growth “picks up where it left off”. It furthermore suggests that times faster at 35C than at 25°C. This corresponds to an
we attain the same type of structure after reshear that wasactivation energy of 105 kJ/mol, or 42 at T = 298 K. By
obtained originally during de novo flocculation. contrast, according to DLVO theory (Figure 3), the barrier for

The modulus growth behaviors for silica at 31.7 wt % in 0.05 coupling of an isolated pair should be no more than about 3
M MgCl; at 25 and 35°C are shown in Figure 14. These KT.
experiments were performed by mixing the particles with ~ As mentioned earlier, all oscillatory shear experiments were
appropriate MgCl solution at 25°C and then transferring the  performed in the linear viscoelastic regime for the materials. It
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or no change, while the shear moduli increase dramatically. After

]-ﬁj . a longer period on the order of tens of hours, the rate of change

4ok ] for the dynamic moduli becomes progressively slower and can

10k ] be described as self-limiting. It remains uncertain whether this
608; ] process converges to any well-defined end point, but neverthe-
ST less for practical purposes it exhibits a reproducible stationary
E06 state. If these samples are now resheared, their behavior in both
e 7 SAXS and rheology measurements reverts to that a¢ickf
804l the induction period. No evidence of syneresis was observed.
B The pair distributiong(r) provides quantitative details of
) particle aggregation and indirect insight into the pair potential.

However, any interpretation must make careful allowance for
the limits of experimental uncertainty and for complications due
to multiparticle correlations. Our SAXS data provide information
over a finite length scale, with the largest lengtbsy{ 1500~
N W TP 2000 A) determined by the smallest angles measured and the
10000 20000 40000 80000 shortest length scale i, ~ 150-200 A) determined by the

G’ (dyne/om?) widest angles measured. As a consequence, our experimentally
Figure 15. Effect of temperature on the growth rate for the storage derivedg(r) can neither prove nor exclude the possible existence
modulus G'. Equivalent values ofG' are assumed to represent of g sharp peak due to contacting neighbors &t 2R, = 870
isostructural states in the growth process, such that the relative ratesp gq predicted by the DLVO model (Figure 4a). (The 13 A
reflect the activation energy. variation inRy, introduces a much smaller uncertainty.) For the

was important to keep the strain as small as possible for thesefUlly established gels aby = 0.17 and 0.34 (Figure 7b at 14
experiments because the onset of nonlinear viscoelastic behavioP: Figure 9b at 9 h), the first peak gfr) is centered close to
was generally detected at strains much less than 1%, which is2Re = 870 A and its width 1) is roughly half that of the

usual for concentrated flocculated colloids. We were especially Smallest measurable distance. From this we may conclude that
careful to make sure that the strains chosen did not disrupt theSOme of the neighbors bounded by this peak must be in contact

gel structure as it was forming, a situation which could lead to with the reference particle, and moreover, within experimental

a perturbation of the measured rate data. This possibility Wasuncerta_inty, it is possible that all are in contact. Since the total
checked by changing the strain over the range of several tenthg?oPulation bounded by the peak) exceeds 2, the results are
of a percent during the time sweep, and confirming that a compatible with an extended network of primary contacts.
decrease in the magnitude of the moduli did not occur when  The presence of a strong peakgr) in the vicinity of 2R,
the strain was increased. The data discussed in the aboveloes not in itself confirm the existence of a local minimum in
paragraphs conformed to this test. the pair potential at contact. However, the position and depth
All samples exhibiteds’ > G" with little or no frequency  of the first minimum do support this conclusion. Qualitatively
dependence throughout the flocculation process, characteristicssimilar peaks occur in simple fluids with small or nonexistent
of a viscoelastic solid. The data cannot, however, exclude the minima in the pair potential, due simply to the excluded volume
possibility of a terminal relaxation time much longer than the of the reference partict€. In the those cases, propagation of
longest oscillation period, e.g., 10 min. The increas8'iduring the excluded volume via multiparticle correlation produces a
flocculation reflects the extent of particle aggregation and/or minimum ing(r) at > 2V2R,, corresponding to > 1230 A
connectivity of the flocculated network. While we lack a reliable for the particles in our experiments. The observation that the
model to relate the rheology to specific features of the structure minimum ing(r) for the flocculated gels occurs at much smaller
or to the growth mechanism, the activation energy for that r (ca. 1000 A) means that some factor beyond correlation effects
mechanism may nevertheless be estimated from the temperaturés responsible for excluding neighbors from this region of space,
dependence. such as a potential barrier. The presence of such a barrier is
To further characterize the quasi-stationary properties, we also indicated by the fact that this minimum is deeper than in
examined the long-term stability of the gel volume. Samples simple liquids, even at much highéx,. For example, in liquid
of gel were prepared &gy = 0.17 and 0.10, in 0.050 M Mg&l Ar the first maximum and minimum ig(r) are 3.05 and 0.56,
and then allowed to equilibrate with either pure water or excess respectivelyt* versus 2.5 and 0.35 for the gel in Figure 7b.
electrolyte solution at 25 and 5 for a period of 48 h. No Our SAXS analyses of the flocculated gels do confirm, at
swelling (or shrinkage) was detected in any of these experiments,jeast qualitatively, two features of the DLVO pair potential,
Confirming that network formation is totally irreversible. |ndeed, name|y a local minimum near contact and a potentia| barrier
no syneresis (gel shrinkage or exudation of electrolyte solution) just beyond contact. More extensive scattering data might permit
was observed even several months subsequent to the measurer more rigorous analysis, but the irreversible character of the
ments. This observation also demonstrates that the bulkf|occu|aﬂ0n process (See be|ow) will predude So|ving the
modulug? of the gel network must be significantly larger than  statistical mechanics.

the change in osmotic pressure. The properties of flocculated colloidal gels have generally
been measured under what were assumed to be stationary-state
conditions, but the true character of that state has not previously
To recapitulate our SAXS and rheology results: for a fresh been addressed. Our data show a progressive retardation of the
sample, the first maximum ig(r) becomes sharper and moves flocculation process, ultimately converging to quasi-stationary
to smaller radius over an “induction” period of 600 min. conditions such that subsequent changes over days or even
Over the same time period, little change is see@imndG'. longer might be regarded as negligible for most practical
On time periods longer than 2 h, the SAXS patterns show little purposes. We also found that the local structure and rheological

Q
n
T

7. Discussion
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[ terminal relaxation regime (i.e., onset of viscoelastic liquid

1o | 188 Wt Sitica, 0.07M MgCl, behavior) even at frequencies as low as2l@ad/s, again

e e b h A hah s b A s st indicative of viscoelastic solid character. Although this behavior

[ does not prove irreversibility beyond time scales represented

by the lowest frequency used, these results provide further

104 g support for the conclusion stated in the previous paragraph that
i the network formation is essentially irreversible.

The evolution ing(r) (Figure 7b) shows that early in the
process the population of contacting neighbarse(850 A)
grows at the expense of the population just beyond contact (
I ~ 1000 A), but little or no further change occurs after about
| —— G’ - Elastic Modulus 100 min. As already noted, flocculated clusters are expected to
10% | —e— G" - Viscous Modulus impinge or overlap with one another at a very early stage in
e TVEE—— their growth; consequently one might expect the gel point to
102 10-1 100 101 102 s . . o

. occur well within this period. (This is supported by the

Frequency (radians/second) observation thatG' > G" throughout this period.) Yet the
Figure 16. Storage_modulus (tria_ngles) and loss modulus (circl_es) continued increase o' and G" over much longer times
recorded as a function of oscillation frequency for 48.5 wt %2Si0  jngjcates that the network continues to grow. Rheometry may
particles in the presence of 0.07 M MgCl detect an increase in network connectivity whose effect on the
mean coordination number is negligible. For examplepat
= 0.17, each bond within a volume elementr?® would only
contribute 0.4% to the coordination number.

The modulus growth after reshear does not exhibit the
induction period characteristic of the de novo flocculation. This

G', G" (dynes/cm?)

108 |

properties stabilized within different time intervals. In gels
formed at®y = 0.17 in 0.050 M MgC] at 25°C the SAXS
signal stabilized within a few hours whereas the dynamic moduli
continued to evolve for more than 2 days. In order to understand

%'th?[.r thet _evcl)lvll_nQI ot( statlonar){_ p:ropertles,t!t IS ezsenttlal tko suggests that upon shear the sample is not broken down to
identify intrinsic limitations on particle aggregation and networ individual particles, but rather only clusters of particles that then

growth, and especially to distinguish between thermodynamic ;o csemple upon cessation of shear. Furthermore, the rate of

and mechamsyc constraints. Wh"? t_h.‘? present stuqu_does nOtstorage modulus growth of the resheared sample becomes
resolve these issues, certain possibilities can be eliminated.

o - . similar to that of the de novo sample at late stages, suggesting

A significant feature of our experimental system is that the 4t the structure achieved upon regrowth of the network is the
gel volume conformed to the initial volume prior to flocculation  game a5 that initially obtained upon addition of salt. This further
urlder a]l condltlons. If thg mmal clu§ters grow with a fractional suggests that the long-range structure is essentially dictated by
dimensionalityD = 2, similar to dilute flocs, then &, the  heinjtial aggregation of primary particles to doublets, triplets,
volume fraction encompassed by clusters, should initially o
increase to fill the sample volume. Thus®; grows asN.* Irreversible network growth may be limited by mechanical
whereNc is the average number of particles per cluster, then ¢, ces Once all particles are irreversibly bound to the network,
for a particle volume fractio®y = 0.17 the cluster size need 5y further coupling requires deformation of the network. This
only grow toNe = (0.17)72% = 3.26 in order ford. to reach 1. involves stretching and/or bending existing bonds for which the
However, it is not obvious why the gel volume does not 5yerage potential is manifest in the principal elastic moduli.
subsequently shrink or.collapse in response to the interparticle gince the bulk modulus is apparently large enough to suppress
adhesive forces. No evidence of syneresis was observed over gq | metric strain, deformation must be confined to deviatoric
period of more than 6 months in samples with from 0.1710  gyrain. The associated strain energy should be proportional to
0.34. the square of the network displacements and to the shear

Conservation of gel volume may be a consequence of somemodulusG,. For example, in the quasi-stationary regime, if we
mechanistic constraint on network growth, or the volume itself equateG, with G' ~ 5 kPa, and assume that coupling requires
may constitute a thermodynamic boundary condition. We interparticle displacements of 100 A, then the corresponding
considered the possibility that flocculation might involve gtrain energy is about 27T at 298 K. This strain energy should
reversible trapping of particle pairs in a relatively shallow contribute to the activation energy for network growth, over
pOtentIai minimum, and that the Stationary state might representand above the barrier for Coupling independent particles or
a dynamic equiiibrium with very slow formation and dissociation clusters. While the magnitude of elastic strain energy is Clear|y
Of adhesive bOndS. At equilibrium, COﬂtributiOhS from eXCiUded |arge enough to account for much Of the expenmenta"y Observed
volume and long-range repulsive interactions could result in a activation energy (section 6), the fact that the latter remains
positive second virial coefficient causing the gel to expand in constant over a 50-fold growth i@ suggests that this growth
order to minimize osmotic pressure. HOWeVer, as discussedis not direc“y responsib|e for Suppressing network growth_ A
above, no swelling or shrinking of the gel was observed. more likely scenario might be that the magnitudeSofestricts

If the network is truly irreversible, then the sample should the coupling reactions to some fraction of potential coupling
exhibit robust viscoelastic solid behavior in the oscillatory shear partners within a suitably small range of separations. As the
spectrum. Figure 16 shows the oscillatory shear moduli as areaction proceeds ar@ grows at the same time, this population
function of frequency for the sample with 31.7 wt % silica in  of thermally accessible reaction partners becomes vanishingly
0.05 M MgCh. This spectrum was recorded shortly after the small.
completion of the time sweep (at 2&) shown in Figure 14.
The storage modulu&' is nearly invariant as a function of Acknowledgment. We thank Peter Jernakoff for providing
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Appendix: Formalism Used in the SAXS Data Analysis

In the Born approximation, the scattered X-ray intensity is
given by

(15)

over different radip2-24.28-32

1
o2

R0 ATTP
IF@)I”— Jr e TR 2REnE (24)

(@) = 1,0 & €97 p(7) |0

where p(f) is the charge density, th@brackets represent a Cglculations and measurements on other systems indica}te that
statistical average, ard is the momentum transfer. (In the thiS approach does not introduce substantial errors if the
remainder of the discussion the thermal averages will be POlydispersity is small enoughs (= Ry/10)*47In analyzing
implicit.) For a collection oiN scattering objects at positiofis the data, it was necessary to numerically integrate the above

embedded in a water medium of constant dengitywe write function. This can be efficiently done with the technique of
Hermite integration:
N

p(T) =p, + fi(f = 1)

(16) o 2 !
S et dxa Y wif(x)

(25)

If we assume that all the particles are identical, we can then
write

S ¥ Tp(r) =
JPre¥p, + > eur [dr €TH(T) (17)
1

where the weightsy; and positionsx; (which are the zeros
of Hermite polynomials) are tabulatédl.For our calcula-
tions we used eq 24 with 10-point Hermite integration, ire.,
= 10.

Let us now conside§(d). We can writeSq) in the usual
way as

The py term gives rise to a)(g) term, i.e., true forward
scattering, and can subsequently be ignored. The intensity can
be written as in eq 1:

(@) = M + mO/ ¢ €97g(7)) (26)

where[flis the average particle density ag(f) is the two-

(@) = 1,(@)F@)I? (18) particle density-density function. This function has the proper-
ties
@ =1y =Y YD 9)
' T om =12 179 (27)
o 1 |T|—o
F(@) = [d’r €77(T) (20) , , , ,
It is sometimes more convenient to rewrite
Let us first consider the single-particle form facté(g). We
will take our particles to be spherical balls of constant density. — - _J-1r—0
Because of the spherical symmetry, only the magnitudgisf g(r) =1+ h(r) h(r) = {O r— o (28)
relevant.
=\ 3. G-
[ =R, " (@) = ML + Mo o’ €97 +
(MN=10 r=<R, (21) MmO/ d’r €¥7h(T)) (29)
with the well-known resutf _ _ 3 G
Q) = M1 + mo(q) + med red h(r)) (30)
4 3/o
F(g) = Zb 0 R(q,R,) (22) Since thed(g) term is only manifested in the true forward
scattering, we can ignore it. Therefore we take
sin@@r) — (qr) cos@r
R(q) = 3NN — () cos@n) 23)

(@) = ML + MO d’r €97h(T)) (31)

@)’

as in eq 5. Hergyq is thedifferencebetween the electron density  As discussed above, we performed least-squares fits to the

of the spherical ball and that of water. If we had objects that entire I(g) data set, allowing free variables in botR(q)|?

were exactly electron-density-matched to water, we would have and §q). For S(g) we chose an empirical function fdi(r)

no contrast and no scattering. which contained the appropriate physical constraints and
The above form factor applies for monodisperse spheres. Athen calculatedSq) using a combination of analytical and

real colloidal suspension is always composed of particles with numerical Fourier transform&nfi(r) was chosen to have the
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following form:

() = D

erf((r — /owx/i—l o2
W RIGAD ) | ont

Aze(r—Rz)z/Z(Izz (32)

Q) = 1+ S(@) + Su(0) + SAa) (33)

Heiney et al.

amplitude of the Gaussian by calculating the integral of the
volume within the spherical shell. Defining to be the total
number of particles within the shell
¢, = A [dr exp-(r — R)¥20))
C

A= 4.7'[\/ZGi(Ri2 + Uiz)

(40)

(41)

The first term represents the depletion region around a reference

sphere?! two spheres of radiuR, can get no closer to each
other than R, so around the origin there should be a region of
total depletion ¢(0) = 0, h(0) = —1). The form of the error
function that we used has the property

(erf(x; — 1) _ {81 X — —00

Thus, in eq 32D should be numerically equal to the number
of scatterers per unit volumeénll We can relate this to the
volume fraction of spheres®y. If ®y is the fraction of the

(34)

X— 00

total volume occupied by spheres, then we can write it as the
number of spheres per unit volume times the volume of each

sphere:

4R}
3

P, = D (35)
In practice, we chos@y to be the fitting parameter, so we
took D = 3®\/(47R°).

The Fourier transform of this “spherical well” is the same
calculation we did for the spherical ball. That is, if

() = {amm ;i % (36)
then
3
Jdr €77 mi(r) = — @DRMRN) (37)

Using an error function rather than a well with sharp edges is
equivalent to using a Gaussian average over radii:

A 3
%R”)R(q,r)
(38)

1
o2r

Jr é¥Th(r) — [dr e“RW’Z’Z"WZ(—

We use the same technique of Hermite integration, giving

o, n
Su@)=——

JT

WR(@ R, +V20,6)  (39)

AlthoughR,, was an unconstrained variable in the fits, we would
expect it to be close to double an average sphere ragjus;
2Ry In fact, it was generally slightly larger thamg, reflecting

perhaps the existence of an additional electrostatic depletion

We again use Hermite integration when calculating the Fourier
transform:

S(q) = Aifdsr eiq.Fe_(r_Ri)Z/Z(fiz)

S(q) = 47A [dr rz(Sigrqr)e—(r—R)Z/Zmz)
C n sinq(R + x0))
Z R+ oni)fwj

=

(42)

S =

(43)
VaR?+ o)

In addition to the “interesting” scattering due to the colloid,
there was a small amount of additional background, due to
scattering from the air, sample windows, solvent, and also
readout noise from the CCD detector. These were collectively
modeled by a function Bb(q))2 + CZ2, whereb(g) was a
polynomial inq and 14 whose terms were obtained by least-
squares fits to SAXS data from a cell filled with water only,
andC was a constant. (The purpose of adding them in quadrature
was to ensure that the background function was always positive
definite.) Since the sample attenuation could not be calculated
precisely (it varied, for example, depending on exactly where
the sample was placed on the bea®)and C were uncon-
strained fitting parameters, but we verified that they converged
to “sensible” values.

Putting everything together, we arrive at the function given
in eq 7 for the scattered intensitfg).
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